Lunar science prior to Apollo 11 by Phinney, R. A. et al.
ROBERT JASTROW 
VIVIEN GORNZTZ 
PAUL M! GAST 
ROBERT A. PHINNEY 
GODDARD SPACE F L I G H T  CENTER 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
https://ntrs.nasa.gov/search.jsp?R=19700024698 2020-03-11T23:10:59+00:00Z
LUNAR SCIENCE PRIOR TO APOLLO 11 
Robert J a s  t row 
and 
Vivien Gornitz 
I n s t i t u t e  f o r  Space Studies  
Goddard Space F l i g h t  Center, NASA 
Paul W. Gast 
Larnont-Doherty Geological Observatory 
Columbia University 
Robert A .  Phinney 
Department of Geology 
Prince ton un ive r s i ty  
September 10,  1969 
On June 5, 1969 t h e  I n s t ' i t u t e  for Space S tudies  of t h e  
Goddard Space F l i g h t  Center,  the LamontLDoherty Geological 
Observatory of Columbia Universi ty ,  and t h e  Space Science and 
'App l i ca t ions  Divis ion of t h e  Manned Spacecraf t  Center held a 
conference i n  New York on cu r ren t  problems i n  lunar  science,  
with p a r t i c i p a n t s  drawn from t h e  e a r t h  sc iences ,  astronomy and 
physics,  and represent ing  var ious schools of thought on the  
o r i g i n  and h i s t o r y  of the  moon. The conference organizers  
f e l t  t h a t  t he  s c i e n t i f i c  r e t u r n s  f r o m  t h e  lunar  landing would 
y i e l d  g r e a t e r  s c i e n t i f i c  r e t u r n s  i f  the major i s sues  and t h e  
p r i n c i p a l  i t e m s  of evidence r e l a t i n g  t o  luna'r science could 
be f r e s h l y  reviewed immediately p r i o r  t o  the landing. . 
The s p i r i t e d  d iscuss ion  t h a t  took p lace  during t h e  con- 
I 
ference f a i l e d  t o  produce.'a consensus on any of t h e  major 
cont rovers ies  i n  the  f i e l d ,  However, t he  conference succeeded 
i n  exh ib i t i ng  and c l a r i f y i n g  the  c e n t r a l  i s s u e s  i n  luna r  
i 
sc i ence ,  and i n  iden t i fy ing  much of t h e  primary pre-Apollo 
observa t iona l  material, 
a 
L 
m e. 
P a r t  I of the  p re sen t  r e p o r t  has been prepared i n  l i e u  
of a conference summary, W e  hope t h a t  it w i l l  be use fu l  t o  
! 
t he  person without  a spec ia l i zed  knowledge of lunar  sc ience ,  
as an in t roductory  review and prel iminary guide t o  the  
l i t e r a t u r e .  , 
Because the ideas and i s sues  i n  lunar  science are drawn 
from a w i d e  v a r i e t y  of f i e l d s ,  papers containing p e r t i n e n t  
evidence and ca l cu la t ions  are scattered throughout t he  
p e r i o d i c a l  l i t e r a tu re ,  and are no t  a v a i l a b l e ,  t o  our know- 
ledge, i n  any one place.  P a r t  I1 c o n s i s t s  of papers con- 
t a in ing  obse rva t i ana l  evidence and t h e o r e t i c a l  i n t e r p r e t a t i o n s ,  
o f fe red  as a r ep resen ta t ive  s e l e c t i o n  r a t h e r  than a complete 
bibliography. The s e l e c t i o n  includes desc r ip t ive  accounts 
w r i t t e n  i n  genera l  language as w e l l  as papers from the  technica l  
. l i t e r a t u r e .  . 
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A. PRINCIPAL ISSUES I N  LUNAR EXPLORATION 
Two schools of thought e x i s t  regarding the  h i s t o r y  of 
I 
the  moon and t h e  forces t h a t  have shaped i t s  surface. One 
school of thought be l i eves  t h a t  t h e  moon passed through a 
period of p a r t i a l  or complete melting a t  one poin t  i n  i t s  
h i s t o r y  and probably i s  s t i l l  p a r t l y  molten today. This view 
holds t h a t  t h e  moon is  a d i f f e r e n t i a t e d  body l i k e  the  e a r t h ,  
with a dense core, presumably of molten i r o n ,  surrounded by 
a magnesium-rich mantle and a c r u s t  l o w  i n  magnesium and i ron.  
This school sees evidence of extensive and continuing vol- 
canism on t h e  moon's sur face  today, and quotes "strong cir- 
cumstantial  evidence t h a t  melting has  occurred on the  moon, 
and ... t h a t  t h i s  may have been t r u e  over, a major f r a c t i o n  
of the  moon's h i s t o r y "  (Gault ,  et. aJf t h i s  r e p o r t ,  11-45), 
. 
According t o  t h i s  view, the  s c i e n t i f i c  value of l una r  
explora t ion  is enhanced because t h e  moon and the  e a r t h  are 
b a s i c a l l y  s i m i l a r  p lane tary  bodies.  
the geo log i s t  t o  apply h i s  knowledge of the  e a r t h ' s  h i s to ry ,  
Their  s i m i l a r i t y  permits 
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and t h e  forces that  have shaped i t s  sur face  f ea tu res ,  d i r e c t l y  
t o  t h e  unrave l l ing  of t h e  h i s t o r y  of t h e  moon. 
P 
4  
4 
The ,d i f f e rences  between e a r t h  and moon, although minor, 
! 
are also important i n  t h i s  view, because they make the  moon 
a showcase of geologica l  events .  Several  circumstances tend 
t o  conceal t h e s u r f a c e  of t he  e a r t h  from t h e  eyes of t h e  geolo- 
g i s t :  three-quarters  of the  su r face  is covered by deep 
bodies of w a t e r ;  l a r g e  areas of the  land are covered by p l a n t  
l i f e ,  which conceals and transforms sur face  features; and, 
land F x m s  are r a p i d l y  modified and worn away by running 
. .  
w a t e r ,  and t o  a lesser e x t e n t ,  by wind. The sur face  of the  
I /  
moon, on t h e  other hand, i s  bone-dry, lifeless, and t h e  ra te  
of eros ion  of i t s  landforms i s  hundreds t o  thousands of 
t i m e s  l e s g  than on the e a r t h ,  because of t h e  absence of w a t e r  
and winds. As a r e s u l t ,  sur face  manifestat ions of i n t e r n a l  
a c t i v i t y ,  such as volcanic  domes, tension cracks i n  the c r u s t ,  
l ava  f l o w s ,  and also t h e  marks of e x t e r n a l  bombardment by 
I '  
meteorites and asteroids, s tand  o u t  c l e a r l y  on the  moon and 
make it a f a sc ina t ing  source of p lane tary  information. 
The second school of thought i n  lunar  science cites evi-  
dence t o  prove tha t  "the moon w a s  accumulated a t  low temperatures 
wi th  only local or temporary melting, (and) t h a t  t h e  sur face  
I 
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features 
surface" 
t h a t  t he  
. 
w e r e  mostly formed by c o l l i s i o n s  of objects w i t h  i t s  
(Urey and MacDonald, 1-14) e This school be l i eves  
moon is an exceedingly d i f f e r e n t  kind of p l a n e t  from 
s 
i 1 . 
! I  
t h e  earth, With a su r face  shaped by forces e n t i r e l y  d i f f e r e n t  
from those t h a t  have molded the su r face  of t h e  e a r t h .  
Its proponents o f t e n  c i te  the  dens i ty  of t h e  moon as 
clear evidence of gross  d i f f e rences  between t h e  e a r t h  and 
the moon. The e a r t h ,  i f  the  compression produced by i t s  own 
pressure f i e l d  w e r e  n o t  present ,  would have a mean dens i ty  of 
4 .7 ,  whereas t h e  mean dens i ty  of t h e  moon i s  3 . 3 .  The m o s t  
p laus ib le  explanat ion of t h e  d i f f e rence  i s  t h a t  t he  moon has 
a def ic iency of i r o n  relative t o  t h e  e a r t h  as a whole. Because 
of t h i s  d i f f e rence  i n  bulk composition, it i s  suggested,  d i r e c t  
appl ica t ion  of terrestrial  geology t o  the moon can be attempted ' 
only with g r e a t  caution.* 
In  t h i s  view, it is  the  fact  of major d i f f e rences  between 
the e a r t h  and t h e  moon t h a t  make t h e  moon s c i e n t i f i c a l l y  
in t e re s t ing ,  
c 
The moon i s  bel ieved t o  be a r e l a t i v e l y  cold, 
r i g i d ,  mechanically s t rong  body, und i f f e ren t i a t ed ,  with lumps 
L-I----L-I-s 
* I t  is i n t e r e s t i n g  t o  note t h p t  t h e  same facts  regarding the  
densi ty  of t h e  ear th  and the  mood are sometimes c i ted  a s  evidence 
for the  opposing view. That is, the f a c t  tha t  the moon and the 
e a r t h ' s  mantle have s i m i l a r  d e n s i t i e s  is taken a s  evidence t h a t  
the composition of the moon is s i m i l a r  t o  the  composition of t h e  
e a r t h ' s  mantle and, t he re fo re ,  t h a t  $he t e r r e s t r i a l  experience 
of g e o l r g i s t s ,  based on the  study of mantle and c r u s t a l  rocks, is  
d i r e c t l y  appl icable  t o  luna r  problems. 
I 
"* 
Of i ron  d i s t r i b u t e d  throughout the s i l i c a t e  minerals of i t s  
I 
i n t e r i o r .  
accompanied by t e c t o n i c  and orogenic processes on t h e  sur face  -- 
The mass movenients within the e a r t h ' s  mantle, i a 
* 
processes. which, toge ther  with e ros ion ,  con t ro l  the e a r t h ' s  . 
sur face  f e a t u r e s  -- a re  missing from the moon, i f  it is a cold 
p l a n e t ,  
These b e l i e f s  lead t o  the conclusion t h a t  the  moon's 
sur face  has changed l i t t l e  s ince  the t i m e  of i t s  formation, 
t h a t  t he  ma te r i a l s  on the sur face  a re  on the  average f a r  o lde r  
than the  sur face  ma te r i a l s  of the  e a r t h ,  and t h a t  some p a r t s  
of the  moon's su r f ace ,  unl ike any p a r t s  of the  sur face  of the  
e a r t h ,  may da te  back t o  the  beginning of the  s o l a r  system. 
Thus, fo r  e n t i r e l y  d i f f e r e n t  reasons,  both groups en ter -  
t a i n  high hopes regarding the  s c i e n t i f i c  value of lunar  
explora t ion ,  
1, THF: CASE FOR VOLCANISM 
4 
A p p e a r a n c e ' s  the Maria 
The evidence favoring a geo log ica l ly  a c t i v e  moon, wi th  a 
s t r u c t u r e  and h i s t o r y  similar t o  t h a t  of the  e a r t h ,  is derived 
p r inc ipa l ly  f r o m  t he  examination of t h e  moon's sur face  features. 
The dark,  i r r e g u l a r l y  shpaed reg ions ,  i n  p a r t i c u l a r  Mare Tran- 
q u i l l i t a t i s  and Oceanus Procellarum, immediately s t r i k e  the 
eye as extensive flows of lava ,  presumably from a molten or 
near-molten i n t e r i o r .  These regions resemble l a r g e  lava f l o w s  
on the e a r t h  such as t h e  Columbia River p l a t eau ,  the Prihana 
f i e l d  i n  B r a z i l ,  or t h e  Deccan lava f i e l d  i n  India .  
On the  e a r t h ,  such l a rge  lava flows, covering areas on 
the order of mi l l i ons  of square ki lometers ,  and with a maxi- 
mum thickness of two or t h r e e  ki lometers ,  are formed as a 
r e s u l t  of repeated f l o w s  of lava  through mul t ip le  cracks or  
f i s su res  i n  the c r u s t ,  each f l o w  spreading o u t  over a por t ion  
of the f i e l d  w i t h  a thickness  of f i v e  or t e n  meters. The 
lava f i e l d  b u i l d s  up s t e a d i l y  t o  i t s  f i n a l  e x t e n t  and thickness  
over the cours& of t e n s  of mi l l i ons  of years .  
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Other Explanations of the  Maria --
I 
Impact MeJtinq. Other explanat ions have been o f fe red  f o r  
t he  o r i g i n  of the  dark material i n  t he  maria. It has been 
suggested t h a t  t he  material f i l l i n g  the  r inged maria, such as 
I 
Imbrium, consists of lava  t h a t  melted as a r e s u l t  of the  
energy released i n  the  impact of the  Ipnbrium o b j e c t  with the  
moon's surface (Urey and MacDonald, 1-14 . This hypothesis  
disagrees with t h e  observed fact t h a t  when a high speed pro- 
ject i le  pene t r a t e s  a. surface and explodes,  most of the energy 
of the  explosion goes i n t o  e j e c t i n g  debris from the  explosion 
crater, and very l i t t l e  goes i n t o  the melting of material. 
However, t he  l as t  remark i s  based on terrestrial bomb 
explosions and labora tory  scale experiments whose sca l ing  up 
t o  Xmbrium-sized craters may not  be reliable, p a r t i c u l a r l y  
i f  t he  su r face  or upper mant le  temperatures are a l ready  c lose  
t o  the melting p o i n t ,  The a l t e r n a t i v e  of impact melting can- 
no t  be excluded on the basis of  terrestrial c r a t e r i n g  experi-  
ments a lone.  There is s t ronge r  evidence a g a i n s t  impact 
. 
melting i n  the  chemical a n a l y s i s  of t he  luna r  samples. 
C 
It is also poss ib l e  t h a t  a deep subsurface l aye r  dir 'ect ly  
under t h e  impact zone w a s  close t o  the  melting po in t  a t  t h e  
tima of c o l l i s i o n ,  and t h a t  t h e  temperature increase  produced 
- 6 -  
by the shock of the c o l l i s i o n  would be s u f f i c i e n t  t o  br ing  
t h i s  ma te r i a l  above the melting poin t .  
s 
Sediments. It h a s ' a l s o  been suggested t h a t  the maria are 
f i l l e d  w i t h  t h i c k  sedimentary depos i t s ,  cons is t ing  of material 
t ransported t o  the mare bas ins  from the surrounding .highlands,  
e i t h e r  by water o r  by dry t r anspor t  mechanisms (Gilvarry,  III-39), 
Rubble-Covered Ice. F i n a l l y ,  it has been suggested tha t  
the  maria are shee t s  of ice covered by rubble  (Gold, i n  "Nature 
of the Lunar Surface",  1966).  There are s t rong  objec t ions  
t o  t h i s  hypothesis.  F i r s t ,  i'f t h e  maria contained beds of 
ice or  even permafrost ,  under a f e w  meters of rubble, the 
blocks of material e j e c t e d  f r o m  meteorite craters would con- 
sist  i n  p a r t  of ice fragments or mixtures of rock and ice,  
When the ice evaporated t h e  fragments would crumble a rdd i s in -  
tegrate i n  an e a s i l y  recognizable way, Such p i l e s  of rubble, 
suggesting the  decayed remains of blocks of rocky ice ,  have 
not been not iced i n  the  Orbiter and Apollo phqtographs, and 
if they e x i s t  a t  a l l ,  they mus t  be extremely uncommon. 
Second, whatever water t h e  moon contained i n i t i a l l y  would 
have been chemically combined i n t o  hydrated minerals.  
combined w a t e r  must be ex t r ac t ed  by some process ,  i n  order  t o  
T h i s  
I 
form the necessary ice layer .  On earth,  the  only known 
n a t u r a l  process of separa t ing  t h e  combined w a t e r  from si l icates  
! 
is by an igneous process -- melting of the rocks and release 
1 
of contained vola t i les  -- "degassing. 'I I f  a similar mechanism 
has operated on the  moon, the  water would emerge on the  lunar  
sur face  as steam.. While it would f r eeze  during lunar  n igh t s ,  
it would vaporize during days, and would n o t  l as t  long enough 
t o  b u i l d  up i n t o  ice sheets. 
Surveyor Chemical Analysis 
The theory of a volcanic  o r i g i n  for the  mare material i s  
supported by the chemical ana lys i s  carried ou t  on the  Surveyor 
spacec ra f t ,  using alpha p a r t i c l e  back-scat ter ing as the anal-  
y t i c a l  tool.  The ana lys i s  yielded a composition resembling 
t h a t  of terrestrial  b a s a l t s  e 
The f i n a l  r e s u l t s  of t h e  data ana lys i s  f o r  Surveyor 5 
r e c e n t l y  have been published by Turkevich ( this  paper,  11-30). 
The data agree w i t h  t he  oceanic b a s a l t s  wi th in  the probable 
e r r o r s  for all major cons t i t uen t s  with the  exception of 
sodium and t i tanium. According t o  the  Surveyor 5 data, the 
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I 
<- abundance of sodium i n  the  mare material i s  h a l f  t h a t  of the  
basalts and t h e  abundance of t i t an ium is 60 percent  g rda te r ,  t 
, ' c  
Morpholoqical Evidence for Volcanism. 
'. 
The Lunar Orbiter photographs show surface features which 
resemble s t r u c t u r e s  produced by volcanism on the  e a r t h ,  and 
have apparent ly  been i n t e r n a l l y  generated.  
include : 
These f ea tu res  
(1) A s u b s t a n t i a l  number of domes resembling terrestrial 
volcanic domes, as, for example i n  Oceanus P roce l l a rum,  
(Fig, 1) 
(2) Craters arranged i n  r o w s  r a t h e r  than t h e  random 
pat te rn  c h a r a c t e r i s t i c  of impact features Such r o w s  of 
,+mtors,appg+r,,cp, $$e *<earth -/) as 1 ,A volcanoes 1 , * which * .  are located 
over zones of weakness extending i n t o  the mantle, and the 
presumption is that crater r o w s  on t h e  moon also represent  
f i ssures  or zones of weakness extending i n t o  the lunar  in-  
t e r io r .  Sometimes the rows of craters are loca ted  wi th in  a 
r i l l e  and provide a p a r t i c u l a r l y  clear demonstration of i n t e r n a l  
Origin; t h e  Hyginus R i l l e ,  located almost p r e c i d y  i n  the 
center of the mobn's near  side, is  a conspicuous example; 
another example i s  ,a XCDW of craters nearer  t o  Gruithuisen. 
(3 )  Lunar Orbiter photographs showing f ea tu res  that  
1 
look l i k e  f l o w  f r o n t s ,  apparent ly  marking the edges of ind i -  9$ 
c 
v idua l  l ava  f l o w s ;  t hese  flow*.fronts are five t o  t e n  meters 
i n  he igh t ,  and have a s lope ,  a t  t h e  p o i n t  of contac t  wi th  the  
\ I  
f l a t  m p r e  f loor ,  t h a t  corresponds t o  t h e  v i s c o s i t y  of some 
types of terrestrial lava. (Fig. 4)  
(4) Photographs showing r i l les o r i g i n a t i n g  i n  craters, 
for 
and 
example, Cobra Head (also known as S c h r d t e r ' s  Valley) 
Marius Hills R i l l e .  These features are ambiguous; they 
resemble d r i e d  o u t  r i v e r  beds,  b u t  they a lso resemble channels 
eroded by l ava  f l o w s  on ea r th .  (Figs. 5, 6)  
(5) Some wrinkle r idges  look as though they w e r e  o r i g i n a l l y  
r i l les  o u t  of which lava  welled i n  s u f f i c i e n t  amounts t o  
convert  the r i l l e  t o  a r idge.  A s t r i k i n g  example i s  found 
+ 
again i n  the Marius Hills region i n  which what appears t o  be 
a s i n g l e  f e a t u r e  is  converted gradual ly  from a r i l l e  t o  a 
r idge.  (Fig. 6) . 
(6) F ina l ly ,  outgassing has been observed from some 
lunar  craters, and o t h e r  craters, w h i l e  no t  emi t t ing  gases  
a t  the  p re sen t  t i m e ,  are v i s i b l y  blackened for  some dis tance  
around t h e  crater r i m s ,  as i f  by volcanic  gases .  The degree 
of outgassing is modest and no t  an  ind ica t ion  o€ extensive 
volcanism, b u t  o f f e r e  some support  for the hypothesis of a 
volcanic  moon, 
- 10 - 
a 
Figure 1, 
of Ocsanus Procallarum, (Following p. 9,) 
Vertical view of domes in Marius Hills region 
f 
1 Figure  2, Row of craters in Hyginus Rille, (following p, 10) 
I 
. 
Figure 3 .  This r i l l e  with a chain of craters gradually 
t u r n s  i n t o  a wrinkle  ridge, (Following p. LO.) 
E 
Figure 4e Flow f ront .  in Mare Imbrium. (Following p. l o 1 )  
i 
Figure 5, The Cobra Head or Schroter's Valley. The rille 
emerges.from a crater, 
(Following p. 10.) 
Note meandering rille within rille, 
I 
C 
f 
Figure  60 R i l l e  s t a r t i n g  i n  a crater i n  Marius H i l l s  region, 1 z (Note r i l l e  changing i n t o  ridge,) (Following p. 10,) 
In summary, the pre-Apollo arguments in support of lunar 
volcanism are (1) resemblance of the maria to extensive 
terrestrial lava flows; ( 2 )  surface forms closely resembling- 
a 
terrestrial volcanic forms; and ( 3 )  Surveyor analysis of 
chemical composition indicating basaltic composition. 
This evidence for volcanism indicates that at some point 
in the moon's history its interior has been molten or,partially 
molten. Thus, some degree of differentiation must have occurred: 
the  moon cannot be homogeneous and entirely undifferentiated. 
This is not to say that the differentiation has proceeded as 
far as on the earth, i.e., to the point of an iron-nickel core 
a t  the center, surrounded by a magnesium silicate mantle, and 
capped by a granitic crust with a very low iron-magnesium 
content, That question is still open. 
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2, THE CASE AGAINST VOLCANISM 
The dvidence usually cited for lunar volcanism is balanced 
b y  other information indicating that the entire moon, or a large 
fraction of it, has always been at a relatively low temperature. 
Moment - of Inertia 
Recent determinations of the moon's moment of inertia have 
been cited as evidence for a homogeneous, undifferentiated 
structure, implying that the moon has never been melted. Two 
recent determinations for the moon's moment of inertia give 
values which are within one percent of - MR I the value for a 
homogeneous sphere. However, the reasoning is based on the 
2 2  
5 
unstated premise that the moon has a substantial amount of iron. 
If that were so1 and extensive melting occurred, the iron would 
collect at the center to form a dense core, as in the case of 
L 
the earth, substantially reducing the moment of inertia below 
2 2  - MR . The argument is weakened by the fact that the density 5 
of the moon is very low in comparison with th density of the 
earth, indicating that the moon has relatively little iron, 
amounting to perhaps 10 percent of its mass. This amount of 
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iron, even if, collected at the center in 
not appreciably reduce the moon's moment 
homogeneous value. 
a dense core, would 
I 
of inertia below .the 
, /  
\ 
Fiqure of the Moon 
More substantial evidence for a low-temperature history is 
provided by the figure of the moon. (Urey and MacDonald, this 
paper, p m  1-14) If the moon has a warm and plastic interior, 
it must assume a shape dictated by hydrostatic equilibrium. In 
hydrostatic equilibrium, the moon will bulge to a slight degree 
at the equator as a result of the rotation about its axis every 
27.3 days. There will also be a bulge along the earth-moon line 
as a result of the earth's gravitational attraction. 
The calculated bulge at the equator is 16 meters, and the 
magnitude of the bulge produced by the earth's tidal pull is 
48 meters. The magnitude of the equatorial bulge can be deter- 
mined separately from obser,vations of the rate of precession of 
the moon's orbit plane which is proportional. The result is an 
c 
equatorial bulge of about 1 km. The tidal bulge can be deter- 
mined from the moon s physical libqation in lopgitude, which is 
proportional to the height of the tidal bulge. The result of 
this determination is a tidal bulge again equal to about 1 kmm 
These values deduced from observation, which are two orders of 
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magnitude greater than the calculated values, indicate major 
departures from hydrostatic equilibrium within the" moon, 
Assuming a uniform distribution of density varying only with 
.) 
distanoe from the center, the "observed" values of the equatorial 
bulge and the tidal bulge imply that stress differences of 10 to 
20 bars are being supported over large regions of the moon's 
interior. According to Urey and MacDonald, "For a body as large 
d 
as the moon not'to have adjusted in shape by one kilometer to 
relieve these stresses indicates that remarkable strength has 
existed in the deep interior since the present irregular shape 
was formed. No general melting of the moon can therefore have 
occurred since then." (Urey and MaCDOnald, Geophysics of the 
Moon, Science Journal, May 1969) 
Mascons 
Mascons provide evidence for a mechanically strong and 
therefore cold moon. Twelve of these gravitational anomalies 
have been discovered, distributed on the nea'r side of the moon, 
, 
occurring with both signs and with magnitudes ranging up to 
approximately 750 milligals when extrapolated to the lunar 
surface. (Muller and Sjogren, 111-1) Additional mascons may 
exist on the far side of the moon but the tracking data, whose 
analysis led to $he discovery of the near-side mascons, are not 
- 14.- 
1 
yet adequate to settle this point. Each of the six circular 
1 
maria on the near side contains a large, positive mascon. 
These mascons represent localized departures from hydrostatic 
equilibrium; i.e., departures from isostasy, that would produce 
stress differences of LO to 20 bars in the moon's interior. . .  
If the interior of the moon were warm enough to be near the 
melting point, it would yield under the weight of these mascons. 
The material of the moon's mantle would slowly flow out to 
either side until the number of grams per square centimeter 
over a mascon is the same number of grams per square centimeter 
over adjoining regions, i.e., until the gravitational e'ffect was 
no longer detectable on the surface. The fact that they still 
exist indicates that the outer layers of the moon have been 
strong an4 cold since the time of their initial formation. 
Several theories have been advanced to account for the 
mascons. One view holds that they are accumulations of lava 
t h a t  have come up partly through fissures and pipes from below 
the impact basin. (Wise and Yates, 111-15) Ureb believes that 
the mascons in the ringed maria are the remains of the meteorites 
or asteroids that created the basins of these maria. 
XII-12) 
(Urey, 
Whatever the origin of the mascons may be, the most 
significant fact about them is their continued existence, which 
1 .  
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o f f e r s  a d d i t i o n a l  evidence t h a t  the moon's i n t e r i o r  is s t rong  
and the re fo re  cold, 
! 
Evidence - from Conductivity 
I 
Addit ional  evidence f o r  a cold moon comes from an ana lys i s  
of t h e  effect  of t h e  moon on t h e , i n t e r p l a n e t a r y  medium i n  i t s  
v i c i n i t y .  ( N e s s ,  IV-20) The in t e rp l ane ta ry  medium c o n s i s t s  
' o f  the solar  wind and an accompanying in t e rp l ane ta ry  magnetic 
f i e l d .  The moon has no de tec t ab le  magnetic f i e l d  of i ts  own 
and therefore has  no magnetic effect  on t h e  s o l a r  wind. However, 
as  a conducting body it does have an effect  on the in te rp lane tary  
magnetic f i e l d .  I f  t h e  moon's e l e c t r i c a l  conduct ivi ty  were 
I 
i n f i n i t e ,  the in t e rp l ane ta ry  magnetic f i e l d  would be unable I 
! 
i t o  pene t r a t e  it, and t h e  l i n e s  of force i n  t h i s  f i e l d  would p i l e  
up aga ins t  the side fac ing  t h e  sun, leading t o  the  development ofr 
c 
i 
I 
a pseudo-magnetosphere and a bow shock wave. There is no s ign  
of these  phenomena i n  t h e  magnetic f i e l d  d a t a  from a number of 
spacec ra f t  t h a t  have probed t h e  magnetic f i e l d  i n  t h e  moon's 
i 
c , 
I 
I - .  v i c i n i t y .  This means t ha t  t h e  l i n e s  of force  of t h e  i n t e r -  
p l ane ta ry  magnetic f i e l d  pass through t h e  moon as though it 
were magnetically t ransparent .  
That fact, by i t s e l f ,  however, does not  i nd ica t e  anything 
about t h e  va lue  of t h e  moongs conduct iv j ty  except that  it is  
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f i n i t e  and not i n f i n i t e l y  high,  Given s u f f i c i e n t  t i m e ,  a 
magnetic f i e l d  w i l l  pene t r a t e  i n t o  and pass  through arhy body 
* of f i n i t e  conduct ivi ty .  . .  
I n  order t o  measuye t h e  moon's conduct ivi ty ,  it is 
necessary t o  follow a pulse  or  d i s turbance  i n  t h e  i n t e r -  
planetary magnetic f i e l d  as t h i s  pu lse  approaches t h e  moon, 
observe when t h e  pulse  e n t e r s  t h e  sur face  of t h e  moon, and 
f i n a l l y  observe when t h e  pulse  reappears on t h e  o ther  side of 
the moon, The t i m e  required f o r  t h e  pulse  t o  t r ave l  through 
the moon is t he  d i spe r s ion  t i m e  of a magnetic f i e l d  i n  t h e  
moon's i n t e r i o r ,  which i s  propor t iona l  t o  its average conduct ivi ty .  
Ness r e p o r t s  t h a t  such d is turbances  t a k e  60 seconds t o  t r a v e l  
through t h e  moon, from which he concludes t h a t  t h e  main thermal 
conductivity of t h e  moon's core  -- t h e  reg ion  of r ad ius  1300 km, 
lying in s ide  t h e  i n s u l a t i n g  s h e l l  of approximately 400 k m  -- 
is  mhos per meter. According t o  ca l cu la t ions  of t h e  
e l e c t r i c a l  conduct iv i ty  of t h e  moon, lom4 mhos per meter corres- 
pnnds t o  a temperature of 1000° K. N e s s  estimates a probable 
e r ror  of *, 2000 on t h i s  value.  
I 
N e s s ' s  ana lys i s  leading t o  a value of 1000° K fo r  t h e  
averaqe temperature inner  1300 & of t h e  moon, seems t o  
be very s t rong  evidence aga ins t  melting o r  p a r t i a l  melting. 
1 
The probable range of melting po in t  temperatures for  lunar  material 
(I 
a t  a depth of 400 km i s  1300 2 looo  R, w e l l  ou ts ide  t h e  e r r o r  
l i m i t s  of Ness's r e s u l t , ,  
of u n c e r t a i n t i e s  i n  t h e  mineral  content  and water content  of 
(The quoted unce r t a in ty  is  a r e s u l t  
t h e  hypothe t ica l  lunar  mater ia l . )  
Fince t h i s  conductivity-derived temperature refers t o  t h e  
inner  p a r t  of t h e  moon, it is  even s t ronger  evidence €or a 
* s o l i d  moon than t h e  evidence provided by t h e  ex is tence  of mas- 
cons on i ts  su r face r  . 
However, some f a c t o r s  weaken t h e  f o r c e  of t h e  argument, First 
if t h e  temperature of t h e  moon rises during i t s  h i s t o r y ,  l o c a l  hot 
1 
s p o t s  w i l l  appear and lead t o  t h e  formation of pockets of magma 
before  a l a r g e  p a r t  of t h e  moon's i n t e r i o r  is  a t  t h e  melting 
po in t ,  Thus, t hese  pockets of magma may develop when t h e  
average i n t e r n a l  temperature of t h e  moon is looo t o  200° below 
t h e  melting po in t ,  i .e,, ,  l 2 O O 0  o r  1300' Ka This circumstance 
b r ings  t h e  minimum temperature required f o r  p a r t i a l  melting 
near ly  wi th in  t h e  l i m i t s  of N e s s ' s  value.  Second, N e s s ' s  
determinat ion of t h e  diffursion magnetic t i m e  through t h e  moon, 
and t h e  corresponding electric conduct ivi ty  of i t s  i n t e r i o r ,  
may be accura te  t o  wi th in  t h e  20 percent  probable e r r o r  quoted, 
but  u n c e r t a i n t i e s  a r e  introduced by ca l cu la t ions  connecting 
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conductivity and temperature, whose accuracy is unknown. It 1 
seems reasonable to allow for these uncertainties by adding a 
few hundred degrees to the error limits assigned by Ne&, 
bringing the final result well within the temperature range 
needed fo r  partial melting. 
In summary, Ness' data are evidence f o r  cold moon, but 
if allowance is made for uncertainties and the connection 
between conductivity and temperature, the results may be 
compatible with a partially molten interior. 
3 e THE HEAT FLOW MEASUREMENT: A CRITICAL EXPERIMENT 
The Surveyor chemical analysis suggests an igneous 
1 
origin for at least some lunar surface rocks. The question 
still remains whether these rocks were melted by the heat 
released in a major collision, or were the result of internal 
melting. The critical factor in determining this issue is the 
concentration and distribution of the radioactive elements 
which provide the internal heat sources. Are these limited 
to a thin surface layer, or are they representative of the 
moon's bulk composition? How far into the interior does the 
surface concentration of radioactive elements extend? This 
question can be answered by measurements of the flow of heat 
through the lunar surface. 
One heat flow measurement will not suffice. The Surveyor 
data suggest that the surface of the moon1 like the surface 
of the earth, is chemical heterogeneous and may be expected 
to have different concentrations of radioactive elements and 
therefore different heat fluxes in different regions. Measure- 
ments of the heat flow in a typical maria area and in a typical 
highland area are an essential minimum. 
! \ 
'$ 
t 
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Why are heat flow'measurements so important? These 
measurements i n d i c a t e  t h e  amount of energy ava i l ab le  f o r  
volcanism and a lso for  every other i n t e r n a l l y  generated luna r  
process. 
on the moon's supply of i n t e r n a l  energy, 
energy s o u r c e s a s  l a r g e  as those wi th in  t h e  ea r th ,  or l a r g e r ?  
I f  so,  t h e  moon has had a geologica l ly  a c t i v e  h i s to ry ,  with 
surface f e a t u r e s  molded by forces similar t o  those t h a t  mold 
! 
Most of t h e  b a s i c  i s s u e s  i n  luna r  science depend 
A r e  i ts  i n t e r n a l  
the face of the e a r t h .  A r e  i ts  i n t e r n a l  energy sources con- 
s iderably smaller than those of t he  ea r th?  I f  t h i s  is the  
case, t h e  moon has  s u r e l y  been a geologica l ly  inac t ive  body 
throughout most of i t s  h i s t o r y ,  with i t s  sur face  features 
determined l a r g e l y  by high-energy c o l l i s i o n s  and not  by sub- 
surface melting, 
body from t h e  e a r t h ,  and $he experience of terrestr ia l  geol- 
og is t s  is  not  d i r e c t l y  appl icable ,  
In  t h a t  event,  t h e  moon is  a very d i f f e r e n t  
Moreover, t h e  outgassing from t h e  i n t e r i o r  -- which is  
generally considered t o  be t h e  source of t h e  e a r t h ' s  oceans 
. 
and atmosphere, and tQe atmospheres of Mars and Venus -- is 
controlled by t h e  r a t e  of i n t e r n a l  hea t  generation. While t h e  
or igin and evolu t ion  of t h e  moon's exceedingly. t h i n  atmosphere 
are  not problems of major i n t e r e s t ,  $he understanding of t h e  
origin and evolut ion of the  atmospheres of Mars and Venus a r e  
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problems that stand in the forefront of objectiwes,of planetary 
exploration. Because of these considerations, involvihg vol- 
canism and outgassing, heat flow measurements must be placed 
alongside seismic measurements as the two most signjficant 
geopbysickl experiments that can be performed on any terrestrial 
planet 
I 
1 
t 
$ 7  
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Be GEOLOGICAL STUDY OF THE LUNAR SURFACE 
LUNAR STRATIGRAPHY 
The principle _. of superposit,on provides a meaningful frame- 
a ork for correlating information acquired at the various lunar 
exploration sites. That is, it is assumed that younger lunar 
formations overlie older ones' or overlap against them. 
cernsoning has already been applied to the moon, using earth-based 
photographs, to establish a sequence of events in lunar history 
which form the elements of a stratigraphic column. The aim is to 
establish a relative time scale for the entire front face of the 
This 
. *  
Inspection of the photographs makes it clear that the maria . 
a m  younger thaqthe highlands since they encroach on the edges of 
tha highlands and also prtly submerge many craters near the highi 
nd boundaries. For example, Sinis Iridum, Plato and Archimedes 
are older than Mare Imbrium, because they are flooded by the mare 
m t a r i a l ,  Similarly, Copernicus is younger than the mare material 
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on which it rests, s ince  i t s  rays  cover the adjacent  areas and 
indeed extend f o r  hundreds of m i l e s  over t h e  moon's sur face .  
Tycho is even younger than Copernicus, because its ray  system 
over laps  t h a t  of Copernicus. 
1 
s 
! 
. ,  
! In  t h i s  way, Shoemaker (V-I)  has  constructed a lunar  
s t r a t ig raphy ,  o r  r e l a t i v e  geologica l  t i m e  s ca l e ,  for  the  a rea  
around Copernicus. He has  grouped t h e  depos i t s  i n t o  f i v e  classes: 
(1) pre-Imbrian, (2)  Imbrian, (3 )  Proce l la r ian ,  (4) Eratosthenian, 
and ( 5 )  Copernican,. which correspond t o '  f i v e  i n t e r v a l s  of time. 
The Imbrian system: the  s t r a t i g r a p h i c a l l y  lowest and 
o l d e s t  exposed system c o n s i s t s  of those s t r u c t u r e s  which 
pre-date the maria f i l l i n g .  These include ma te r i a l  deposited 
? 
, o n  o ld  c r a t e r s  and t h e  Carpathian and Apennine Mountains. 
The P roce l l a r i an  system is  made up of t h e  smooth, dark 
ma te r i a l  f i l l i n g  t h e  Oceanus Procellarum, Mare Imbrium and 
Sinus Aestuum, a s  w e l l  a s  domes resembling b a s a l t i c  sh i e ld  
volcanoes. This has  been succeeded b y  o l d ,  r ay le s s  c r a t e r s  
otherwise resembling Copernicus b u t  covered by its rays.  
Examples include Eratosthenes,  Reinhold and Lansberg. 
These comprise the Eratosthenian sys tem.  The s t r a t i g r a p h i -  
! 
tally youngest Copernican sys tem includes t h e  rays  and 
e jecta  O f  Copernicus, Hortensius and a b r i g h t  ray c r a t e r  e a s t  
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of Gambart. Among the youngest features are the deposits of 
dark halo craters, superposed upon the ejecta and ray$ of 
copernicus. These have also been included in the Copernican 
system. 
The second criterion of relative age is the crater density. 
Assuming,that craters are formed by a random impacting process 
of uniform rate, then. the more heavily cratered a given area, 
the older it is. The lower crater density of the maria indicates 
that the maria are younger than the highlands -- a conclusion 
consistent with the principle of superposition. 
Finally, the general appearance of the crater is a guide 
to its relative age. The younger the crater, the brighter it is, 
the more sharply defined its rims and rays. Some slow erosional 
process on the moon gradually wears down craters with time, 
making them dull and fuzzy in outline. 
The foregoing arguments give relative ages, but not absolute 
ages. It is impossible to tell whether the heavily cratered 
highlands, in particular, represent a continuum of ages ranging 
. 
up to a relatively recent point of time in the moon's history, 
01: have, instead been formed by a brief and intensive bombard- 
ment early in the history of the moon. - >  . 
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2 ,  RELATION OF SPECIFIC  EXPLORATION SITES TO MAJOR 
LUNAR PROBLEMS* 
5, 
Landing sites near t h e  Hyginus R i l l e  and i n  t h e  Marius 
H i l l s  r eg ion  w i l l  provide information d i r e c t l y  bearing on 
t h e  ques t ion  of lunar  volcanism. Censorinus, Tycho and 
Copernicus a r e  r e l a t i v e l y  new craters i n  t h e  s t r a t i g r a p h i c  
sequence of lunar  f ea tu res .  Absolute age measurements of t h e  
ma te r i a l s  co l l ec t ed  from t h e s e  s i t e s  w i l l  e s t a b l i s h  a marker 
i n  t h e  lunar  t i m e  s c a l e  towards t h e  end of t h e  process of 
bombardment. Censorinus and Tycho i n  ‘addi t ion a r e  located i n  
t h e  highlands a rea  and o f f e r  t h e  opportunity t o  s tudy t h e  
composition and ages of highlands ma te r i a l  and t h e  maria 
surf aces.  
1 
The Apennine Mountains a r e  of broad geological  i n t e r e s t  
because of t h e  f a c t  t h a t  they fonnthe border between Mare 
Imbrium and t h e  h ighes t  regions of t h e  lunar  highlands and 
they  present  an opportunity t o  study a border between two of 
t h e  major lunar  f ea tu res .  This i s  somewhat analogous t o  t h e  
borders  between cont inents  and oceans on t h e  e a r t h ,  f o r  example, 
t h e  Andean t rench  between t h e  Pacific and South America. 
--c--c---- 
*This material i s  adapted f r o m  an a r t i c l e  prepared by G a s t  
H e s s ,  Kovach and Simmons f o r  SCLENTIFIC AMERICAN. 
c 
8 
6 FAtgure 7 ,  Oblique view of domes in Marius Hills region of 
?. ~c@aYlua Procellarum, (Following p. 26 e 
Finally, an extended lunar transverse starting in the Apennine 
, 
Mountains and going across Mare Imbrium would indicate! the 
magnitude and extent of large-scale variations in composition 
and structure on the moon and might possibly determine the 
nature of the mascons. 
Marius H i l l s  
Marius Hills is one of the several regions in which con- 
structional features, i.e., domes and built-up cones, predominate 
over impact craters. It is associated with one of the longest 
ridge systesm observed on the moon, which in turn crosses a 
very large expanse of Oceanus Procellarum in the eastern half of 
>the near side of the moon, The Cectonic setting and morphology 
of this region are in fact similar to that of terrestrial vol- 
canic fields like Iceland and the Azores. This suggests that 
it is a region of volcanic activity in which igneous material 
has been added to the surface through localized vents. . 
Lunar Orbiters 11, IV and V obtained excellent photographs 
of this region, Vertical and oblique pictures from these missions 
are shown in Figs, 1, 6 and 7. The small domes comparable in 
size to common terrestrial volcanoes are easily seen here 
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(see Fig.  7 ) .  The o r i g i n  and age of these  f ea tu res  are of gen- 
era1 importance i n  understandina the  evolut ion of t h e  lyna r  surfat 
1 
fy 
T e r r e s t r i a l  volcanic  f ea tu res  a r e  b u i l t  up i n  very shortti.mes 
compared t o  t h e  e n t i r e  h i s t o r y  of t he  e a r t h .  Even an extensive 
1% 
region l i k e  the e n t i r e  Hawaiian I s l ands  volcanic  chain covers 
a t i m e  less than 10 mi l l i on  years .  The absolute  age and length 
of t i m e  involved i n  bui ld ing  up the domes seen here w i l l  be 
of g r e a t  i n t e r e s t  i n  cha rac t e r i za t ion  of lunar volcanism. 
The Marius H i l l s  region i s  much more extensive than the 
area  t h a t  can be covered i n  a s i n g l e  Apollo mission. Fortuna- 
t e l y ,  a number of c h a r a c t e r i s t i c  smaller s c a l e  f e a t u r e s  can be 
v i s i t e d  wi th in  a region a s  small  a s  5 t o  10 km i n  diameter.  A 
mission i n  t h i s  a rea  would be a b l e  t o  sample and study (1) 
impact c r a t e r e d  p l a i n s  a reas  s i m i l a r  t o  maria regions,  ( 2 )  a 
number of small  domes 50 t o  100 meters i n  e l eva t ion  with convex 
upward s lopes ,  ( 3 )  steep-sided domes with rough i n t r i c a t e  
su r faces ,  (4)  s t eep ly  convex upward o r  bulbous domes t h a t  
a r e  smooth and genera l ly  equidimensional i n  p l h ,  (5) steep- 
sided cones wi th  c i r c u l a r  depressions,  (6) narrow steep- 
sided r i d g e s ,  ( 7 )  a v a r i e t y  of impact f ea tu re s  s i m i l a r  t o  those 
seen i n  t h i s  region are no t  exposed wi th in  5 km of a reas  chosen 
f o r  study . 
c 
Figure  8, Earth-based photograph of full moonr showing t h e  
prominent ray system of Copernicus and Tycho, 
(Following p. 28 * )  
Figure 9. Close-up of Tycho from Orbiter V. (Following pa 2 8 , )  
wcks and Copernicus 
1 
A much more ambitious explora t ion  goal i s  the e x p l o r i t i o n  
of one of the major c r a t e r s  on the l u n a r  surface.  Two of t h e  
most prominent craters, both r e l a t i v e l y  young, are Copernicus 
and Tychob Both are about 70 km i n  diameter and have a c e n t r a l  
peak within t h e  crater, Copernicus is on t h e  southern edge of 
m r e  Imbrium, i n  the Oceanus Procellarurn. The e j e c t a  from 
copernicus cover a s i g n i f i c a n t  f r a c t i o n  of t h e  earth facing 
, s ide  of t h e  moon. This is w e l l  i l l u s t r a t e d  i n  the earth-based 
f u l l  moon telescopic p i c t u r e s  (Fig. 8 ) .  The ejecta from t h i s  
c r a t e r  cover more than one t e n t h  of t h e  f r o n t  face of t h e  moon. 
The e j e c t a  b lanket  marks a major horizon i n  the  upper p a r t  of 
the lunar  s t r a t i g r a p h i c  column. Tycho is loca ted  i n  t h e  middle 
of the southern highlands and forms t h e  c e n t e r  of t h e  prominent 
ray system (and ejecta b lankets )  seen on most whole moon photo- 
graphs (Figs. 8, 9) The r e l i e f  wi th in  t h e  Copernicus crater is  
greater  than 15,000 feet  +, i .e.,  comparable t o  t h e  he ight  of 
most mountainous regions on earqh. These l a r g e - c r a t e r s  are of 
i n t e re s t  not  only because they represent  major events  i n  t h e  
his tory of t h e  moon, b u t  because by analogy with much smaller 
t e r r e s t r i a l  craters, I they should expose ma te r i a l s  from a range 
of depths as great as 10 or  more km. It  has been suggested t h a t  
* I  
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t he  c e n t r a l  peaks i n  these c r a t e r s  may cons i s t  of ma te r i a l  
a 
from 10 t o  1 5  km or more. Thus, even though they may be very 
jumbled and broken and badly deformed by shock processesl  the 
ma te r i a l s  i n  a major c r a t e r  may provide a q u i t e  var ied  and 
5 
d ive r se  sample of the  lunar  c r u s t  and the  h i s t o r y  t h a t  formed 
it. A landing s i t e  and a v a r i e t y  of poss ib le  excurisons i n  
the  Copernicus c r a t e r  a r e  shown i n  a medium andhigh  reso lu t ion  
Orbiter photograph (Figs.  1 0 A ,  1 0 B ) .  Clear ly  it is not possible 
t o  accomplish even a small  f r a c t i o n  of t he  explora t ion  of t h i s  
kind of l u n a r  f ea tu re  without mobil i ty  devices on the  lunar  
sur face .  
I t  
Censorinus 
Censorinus c r a t e r  and a l s o  Mesting C a r e  extremely f resh  
c r i t e r s ,  a s  evidenced by t h e i r  b r ightness  i n  the  in f r a red  study 
of S h o r t h i l l  and Saa r i  and by the high reso lu t ion  Orbi te r  
i 
p i c t u r e s  which show many abundant angular  blocks i n  the e j e c t a  
b lanket  of these two c r a t e r s .  The major ob jec t ives  of a landing 
on the r i m  of t h i s  c r a t e r  a r e  (1) t o  e s t a b l i s h  the age of an 
apparent ly  young f ea tu re  on t h e  lunar  surface,  (2) t o  invest igate  
and cha rac t e r i ze  an unqeustioned impact fea ture  of modest size, 
and (3)  t o  ob ta in  a sample of ma te r i a l s  from a region i n  the 
highlands.  A poss ib le  landing s i t e  and approach pa th  t o  t h i s  
- 30 .., 
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F i g i r e  10 (a) Close-up of Copernicus (medium r e so lu t ion )  
irOLlowing p. 29.) 
Figure  10  ( b ) a  Copernicus- an obl ique view. (Following p.29,) 
t 
Figure 11. Censorinus- a young crater. (Following p. 29.) 
c 
site is shown in the Apollo 10 photographs of this area shown 
Fig. 11, which is a high-resolution Orbiter photogrgph of 
5 
Censorinus and contains several possible exploration sites. 
. Apennine Mountains 
The Apennine Mountains, which roughly mark the southeastern 
boundary of Mare Imbrium, are the most impressive of all the 
lunar mountain ranges. These mountains also form the north- 
western leg of a triangular shaped elevated highland area 
bounded by Mare Imbrium, the southwestern boundary of Mare 
Sereritatis and the northern part of Mare Humorurn. 
Front rises 1,280 meters above the adjacent mare level to the 
west. 
The Apeqnine 
Two landing sites have been proposed near the Apennine 
Front which are within 5 km of some important lunar features. 
Figure 12 is a closeup Lunar’Orbiter photograph showing the 
Apennine Mountain front. . 
ExaminAtion of this photograph reveals several interesting 
features. Notice the V-shaped serpentine feature running in a 
northeasterly direction parallel with the Apennine Front. Such 
winding (or meandering) lunar features, reminding one of stream 
channels a r e  termed sinuous r i l l es .  
Rima Hadley. I n  t h e  v i c i n i t y  of t h e  proposed landing sites 
one can a l s o  see a small ,  b u t  conspicuously sharp and round 
c r a t e r  which appears t o  cover p a r t  of t h e  r i l l e .  
T h i s  p a r t i c u l q r  r i l l e  is 
! 
What can w e  l ea rn  about the  moon by v i s i t i n g  t h i s  location? 
The  Apennine Front i s  a major physical  f e a t u r e  of the moon's 
s u i f a c e  and an ex tens ive  v e r t i c a l  s e c t i o n ,  1 , 2 8 0  meters thick,  
is  exposed f o r  sampling and examination. 
t o  sample perhaps an ex tens ive  por t ion  of lunar h i s t o r y ,  Are 
t h e  rocks i n  t h i s  a r e a  uniform o r  phys ica l ly  and chemically 
heterogeneous? How old a r e  they? Are they  s t ra t i f ied?  Are 
t hey  fresh or  altered? - and s o  on, Answers t o  such questions 
a s  t hese ,  obtained from examination of samples co l l ec t ed  over 
H e r e  i s  an opportunity 
such a range of depths i n  t h e  moon can have a profound impact 
on our thoughts concerning lunar  h i s to ry .  
The sinuous r i l l e ,  R i m a  Hadley (see Fig ,  1 3 )  a l s o  holds 
some c lues  f o r  understanding t h e  moon's h i s tory .  Broadly 
speaking t h i s  f e a t u r e  looks a s  i f  it has been worn by erosion -- 
b u t  is it a near su r face  flow channel or a collapsed lava tube? 
It has been speculated t h a t  t h i s  flow channel bas been formed 
by water.  If eros ion  by w a t e r  has occurred on t h e  moon,where 
d i d  t h e  water come from and what prevented i t s  immediate evapora 
j 
t i o n  from t h e  luna r  environment? 
Figure 13. Rima Hadley is a beautiful example of a sinuous 
rille. Note how r i l l e  is influenced by topography, avoiding 
the crater and mountain base, (Following p. 31,) 
closer  examination of t h e  Lunar Orbi te r  photos of t h i s  
I 
r f l l e  reveals t h a t  f r e s h  outcrops of rocks are v i s i b l e  along 
walls and t h a t  blocks have r o l l e d  down t h e  r i m s  t o  se t t le  
on t h e  f loo r  of t h e  r i l le.  R i m a  HadPey c u t s  i n t o  t h e  f l o o r  of 
mare and thus  exposes a depth and perhaps a c ross  sec t ion  of 
the history of a major lunar  f ea tu re .  Examination of these '  
xposures might y i e l d  t h e i r  sha re  of s u r p r i s e s .  A r e  t h e  lunar  
maria bedded depos i t s  of l ava  or  ash  flaws, o r  sedimentary 
@ p o s i t s  t h a t  contain a s equen t i a l  h i s t o r y  of formation, o r  a r e  
the  maria simply t h e  r e s u l t  o f  an agglomoration of cold p a r t i -  
culate matter accreted from space? 
As mentioned above, t h e  proposed landing s i te  is  located 
4: the boundary between a lunar  highland and a mare region,  
Deployment of a three-axis seismometer and t h e  subsequent 
recording of seismic waves from d i f f e r e n t  azimuths of approach 
should t e l l  us something about any deep s t r u c t u r a l  d i f f e rences  
otween t h e  maria and t h e  highlands.  A r e  t h e  maria and high- 
ands t r u l y  analogous t o  t h e  oceans and cont inents  on t h e  e a r t h  
b 
in which t h e r e  are deep-seated s t r u c t u r a l  d i f f e rences?  
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Discussion of Lunar Traverse 
1 
A f t e r  t h e  e a r l y  f ixed  s t a t i o n  luna r  landings a t - a  w i d e  
v a r i e t y  of si tes,  some form of long-range mobile surface 
exp lo ra t ion  w i l l  be necessary t o  g r e a t l y  increase o u r  scien- 
! 
t i f i c  knowledge of  t h e  moon. Without t h e  provis ion of addi- 
t i o n a l  mobi l i ty  on the moon * s surface, continued r e p e t i t i o n  
of s ing le - s t a t ion  explora t ion  is s c i e n t i f i c a l l y  u n j u s t i f i a b l e .  
On t h e  o t h e r  hand, t r a v e r s e s  g ive  us  the  a b i l i t y  t o  s tudy 
la te ra l  v a r i a t i o n s  and thus form the  br idge  between t h e  inten- 
s i v e  observat ions t h a t  are made i n  t h e  v i c i n i t y  of s p e c i f i c  
ind iv idua l  landing sites and the  extensive averaging observa- 
t i o n s  t h a t  can be made from o r b i t .  
There are many exc i t i ng  p o s s i b i l i t i e s  f o r  . increasing 
our mobi l i ty  on t h e  moon but  one t e c h n i q u e , i s  of p a r t i c u l a r  
i n t e r e s t  t o  lunar  s c i e n t i s t s .  This technique is  termed a 
dual-mode lunar  su r face  roving vehic le  system. The t e m  d u a b  
mode is used here  because w e  are considering two sepa ra t e  
lunar  landings which a r e  some 500 km away from each other  but 
. 
which are located t o  maximize t h e  s c i e n t i f i c  r e tu rn .  The dual- 
mode system would operate  i n  t h e  following manner. 
At t h e  i n i t i a l  manned landing, an unmanned roving vehicle 
is  started on an automated t r ave r se .  This veh ic l e  proceeds 
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Figure 14. 
the Crater  Archimedes i n t o  Mare Imbrium. (Following p. 3 4 0 )  
Lunar t r a v e r s e  extending from R i m a  Hadley v ia  
t o  move across  t h e  su r face  of t h e  moon t o  rendezvous a t  a 
d i s tan t  designated poin t  w i t h  t h e  second manned landing seve ra l  
months later.  
I 
A t  p resent ,  it is no t  clear what t h e  capabi l i t ies  
of t h i s  roving veh ic l e  w i l l  be ,but  t h e  mechanical d e t a i l s  a r e  
dunimportant f o r  t h i s  discussion.  During t h i s  unmanned t r a v e r s e  
the roving vehic le  would collect samples of rocks and conduct 
h p o r t a n t  geophysical experiments, The co l l ec t ed  information 
will then be r e t r i e v e d  a t  t h e  rendezvous po in t  by t h e  as t ro-  
nauts who can either abandon t h e  vehic le  o r  send it on another 
automated t r ave r se .  
With t h i s  mobi l i ty  c a p a b i l i t y  on t h e  moon where should 
we go and w h a t  do w e  hope t o  f i n d  out? A successfu l  lunar  
traverse can provide data which have a bear ing on t h e  following 
questions, What is the magnitude and ex ten t  of l a t e r a l  var i -  
ations i n  composition and s t r u c t u r e  on t h e  moon? What a r e  t he  
lunar "mascons? 'I 
Other important ques t ions  can be posed but  these w i l l  
serve t o  focus out thoughts on one poss ib l e  long t r ave r se .  
T h i s  t r ave r se  goes from R i m a  Hadley v i a  t h e  Crater Archimedes 
i n t o  Mare Imbrium (see Fig. 14). 
As w e  mentioned e a r l i e r  a v i s i t  t o  t h e  Apennine Front  - 
Rima Hadley area would g ive  u s  a chance t o  sample an extensive 
por t ion  of l una r  h i s t o r y ,  
would proceed i n t o  t h e  cen te r  of Mare Imbrium. The t r a v e r s e  
c a p a b i l i t y  w i l l  al low continuous p r o f i l i n g  f o r  the monitoring 
of t h e  v a r i a t i o n s  i n  g rav i ty ,  magnetic, electrical  and seismic ‘ 
p r o p e r t i e s  a t  a scale commensurate w i t h  t h e  lunar  f e a t u r e s  
t h a t  are being inves t iga ted .  This  p a r t i c u l a r  t r a v e r s e  crosses 
From t h i s  po in t  a t r ave r s ing  vehicle 
I 
i n t o  one of t h e  l a r g e s t  of t h e  lunar  mascons and provides enough’ 
spa t ia l  coverage t o  adequately explore  t h i s  f ea tu re  w i t h  geo- 
phys ica l  techniques.  
The continuous monitoring of g r a v i t y  along t h i s  p r o f i l e  , 
w i l l  provide information concerning t h e  reg iona l  i s o s t a t i c  
balance i n  t h e  moon, 
f e a t u r e s  on t h e  moon 
or do these f e a t u r e s  
* I  
t h a t  is, are the  higher topographic 
compensated by a def ic iency  of mass a t  depth: 
merely represent  superincumbent loads 
placed on t h e  lunar  surface? An answer t o  t h i s  quest ion would 
t e l l  us a’great  deal  about their mechanism of formation. 
Gravity information will a l s o  g ive  us c lues  about t h e  
c 
maximum depth t o  which la te ra l  dens i ty  v a r i a t i o n s  i n  t he  moon 
can e x i s t .  If t h e  moon has a c r u s t ,  analogous t o  t h a t  of the 
e a r t h ,  haw does it vary between t h e  lunar  highlands near  Rima 
Hadley and t h e  cen te r  of t h e  Imbrium basin? 
Whereas g r a v i t y  measurements a r e  valuable  f o r  r eg iona l  
reconnaissance t h e i r  value is augmented if they  can be’combined 
with seismic information. Seismic measurements can r e a d i l y  
resolve deta i l s  of any layer ing  i n  t h e  lunar  s u b s t r a t a  and a 
properly executed seismic experiment along t h i s  p a r t i c u l a r  
t raverse  could quick ly  tel l  us  i f  fragments of g i a n t  i r o n  
asteroids  are buried beneath t h e  lunar  mascons. 
